Introduction
============

The motor output of an organism in its natural habitat is determined by interplay among the nervous system, muscles and environment. The nervous system senses extrinsic and intrinsic cues, integrates the information and sends commands to motor neurons that control muscles. The muscles convert neural signals into mechanical outputs. The connectivity within the neural circuitry and the intrinsic properties of the constituent neurons and of the muscles under control of the neural input are critical parameters that determine motor output, and thus, it is of great interest in the study of motor control to understand the mechanism by which the parameters control motor output.

The pharynx, the feeding organ of the nematode *C. elegans*, offers multiple advantages as a model to study the mechanism of motor control. The *C. elegans* pharynx is an encapsulated organ that has a simple anatomy, consisting of 20 neurons and 8 gap-junction-connected muscle types constituting three functional parts, the corpus, the isthmus and the terminal bulb ([Fig. 1](#F1){ref-type="fig"}). The pharynx shows two discrete muscle movements for food intake that are amenable to quantitative analysis. Pharyngeal pumping, the first motion of the pharyngeal muscles, is a coupled muscle contraction and subsequent relaxation of the corpus, anterior isthmus and the terminal bulb. Isthmus peristalsis, the second motion, is a peristaltic motion in the posterior isthmus. Pharyngeal pumping takes up bacteria from environment, accumulates the bacteria in the anterior isthmus and crushes the bacteria for further digestion. Isthmus peristalsis transports the accumulated bacteria from the anterior isthmus to the grinder in the terminal bulb that crushes the bacteria. The frequencies of the two feeding motions are controlled by environmental and endogenous cues in worms and the regulation requires interaction between the nervous system and the muscles. Regulatory molecules involved in regulation of the feeding motions are highly conserved in higher organisms,[@R1] which makes the genetically tractable *C. elegans* a great model system for molecular dissection of the mechanism of motor control. *C. elegans* also offers an ample resource for dissection of neural circuits. The wiring pattern of the *C. elegans* nervous system has been reconstructed from serial electron micrographs[@R2] and various approaches to define the functions of particular neurons are available such as ablation of single neurons or combinations[@R3] or regulation of the activity of neurons by expressing optogenetic tools.[@R4]

![**Figure 1.** Model of regulation of feeding by serotonin. (A) In response to serotonin, SER-7 in MC cell-autonomously activates its downstream G~s~α signaling pathway, which subsequently stimulates pharyngeal pumping by activating cholinergic transmission from MC to the pharyngeal muscles. (B) In response to serotonin, SER-7 in M4 (and possibly in M2) activates its downstream G~α12~ pathways in a cell autonomous manner, which subsequently activates M4. The stimulus from active M4, along with dense core vesicle release controlled by an unidentified pathway, activates isthmus peristalsis. The G~s~α signaling pathway and downstream cholinergic transmission also contribute to activating isthmus peristalsis but their sites of action have not been characterized. Given that expression of SER-7 in M4 fully restored isthmus peristalsis rate in the *ser-7* null mutant, it is plausible that release of dense core vesicles from the unidentified cells is constitutively active rather than triggered by serotonin. (C) Stimuli from an active M4 neuron and from the anterior part of the pharynx, excited by pumping, are both required to activate isthmus peristalsis. In the absence of either stimulus, isthmus peristalsis does not occur.](worm-2-e21833-g1){#F1}

In this commentary, we will review our recent study that dissects a local neural circuit in the *C. elegans* pharynx that activates the feeding motions in response to food and discuss future studies. Like other animals, *C. elegans* activates food intake by activating the feeding muscles in response to food.[@R5]^,^[@R6] Serotonin is an endogenous activator of pharyngeal pumping[@R7] whose action is triggered by food in *C. elegans*.[@R8] Moreover, based on the expression pattern of serotonin receptors, it seemed probable that serotonin also activates isthmus peristalsis.[@R9] Thus, we studied the mechanism by which serotonin activates the feeding motions.

Serotonin Activates the Two Feeding Motions Via Two Separate Neural Pathways in *C. Elegans.*
=============================================================================================

We first examined the feeding motions of wild type worms in the presence of serotonin and made a couple of interesting observations. First, isthmus peristalsis is selectively coupled to the preceding pharyngeal pump. Isthmus peristalsis does not occur in the absence of pumping and every isthmus peristalsis follows a pump after a constant interval of about 150msec, regardless of pharyngeal pumping rate. Second, not every pump is followed by isthmus peristalsis. The ratio of the frequencies of isthmus peristalsis to pharyngeal pumping (IP to PP ratio) was 1:3.4, in average. We also noticed a trend that shows an inverse correlation between the pumping rate and the IP to PP ratio. Overall, slowly pumping worms showed a high IP to PP ratio that frequently reached 1:1 whereas rapidly pumping worms showed a low IP to PP ratio that frequently reached 1:10. Third, as we suspected, serotonin activates isthmus peristalsis as well as pharyngeal pumping.

By genetic analysis and cell specific expression experiments, we found that serotonin activates the two feeding motions via two separate neural pathways. First, a type 7 serotonin receptor SER-7 activates pumping and isthmus peristalsis in response to serotonin mainly by acting in MC and M4, respectively ([Figs. 1A and B](#F1){ref-type="fig"}). MC and M4 are cholinergic motor neurons in the pharynx that are essential for normal fast pumping and for isthmus peristalsis, respectively.[@R10]^,^[@R11] Second, SER-7 activates the two feeding motions mainly by activating two separate downstream G protein signaling pathways ([Figs. 1A and B](#F1){ref-type="fig"}). SER-7 is a serotonin-activated G protein coupled receptor[@R12] and its mammalian homolog was suggested to be coupled to G~αs~ and G~α12/13~ and to activate the G protein signaling cascades.[@R13] Activation of G~αs~ signaling itself dramatically activated pharyngeal pumping and was also essential for serotonin-induced activation of pumping. In contrast, activation of the G~αs~ signaling cascade had only moderate effect on isthmus peristalsis. Activation of G~α12/13~ signaling pathway dramatically increased isthmus peristalsis, yet had no effect in pharyngeal pumping.

Regulation by two separate neural pathways explains the differences in the timing of onset and the frequencies of the two feeding motions. How then are the feeding motions coupled? The pharyngeal muscles are connected by gap junctions, which electrically couple the muscles. Previous studies suggest that the electrical signal that elicits pumping travels from the corpus to the terminal bulb.[@R14]^,^[@R15] Since the isthmus is inbetween, the excitation must pass through it. Based on the observations that both pharyngeal pumping and M4 activity are essential for isthmus peristalsis,[@R10]^,^[@R16] we propose that triggering isthmus peristalsis requires both muscle excitation during pumping and stimulation by M4. Because of the contribution of muscle excitation during the pump, only M4 firing that occurs within a certain time window from the preceding pump can trigger isthmus peristalsis, resulting in the coupling between the two muscle motions ([Fig. 1C](#F1){ref-type="fig"}). Our model explains how the feeding motions can be separately regulated yet coupled. We speculate that the pharynx evolved this way to support efficient feeding. First, the separate regulation allows worms to adjust the ratio of the frequencies of pharyngeal pumping and isthmus peristalsis (IP to PP ratio) according to the density of food. When food is scarce, worms should take up food as frequently as possible but swallow food only when enough food is accumulated in the anterior isthmus, which decreases the IP to PP ratio. In contrast, when food is abundant, worms do not need to fully activate pharyngeal pumping, but need to swallow frequently to prevent regurgitation, which increases the IP to PP ratio. In fact, our group previously showed that the ratio of IP to PP ratio changes as expected according to the food density.[@R6] Second, coupling of isthmus peristalsis to the preceding pumping allows worms to swallow food with the proper timing. Food accumulated by pumping is transported from the anterior isthmus to the grinder in the terminal bulb by isthmus peristalsis. To prevent futile isthmus peristalsis or an overload of food in the anterior isthmus, it would be the best for worms to swallow food as soon as a pharyngeal pump takes in enough food into the anterior isthmus.

Future Research
===============

In summary, our model suggests that (1) induction of isthmus peristalsis requires both muscle excitation during pumping and stimulation by M4. (2) The relative timing of M4 firing to pumping is a determinant of induction of isthmus peristalsis. The model that we proposed can be tested in transgenic animals expressing channelrhodopsin or halorhodopsin in M4 by asking the following questions: does activation or suppression of M4 activity control isthmus peristalsis as expected? If it does, does induction of isthmus peristalsis require both M4 activity and pharyngeal pumping? If so, is relative timing of M4 firing to pumping important to trigger isthmus peristalsis?

If our model is correct, it would be informative to know how stimulation by M4 and muscle excitation during pumping converge to generate isthmus peristalsis. A previous calcium imaging study on the pharyngeal muscles reported that an anterior-to-posterior calcium wave travels in the posterior isthmus only during isthmus peristalsis,[@R15] suggesting that stimulation by M4 and muscle excitation during pumping contributes to triggering isthmus peristalsis by eliciting the calcium wave. The hypothesis can be tested by testing whether injecting a calcium chelator into the isthmus muscle blocks serotonin-induced isthmus peristalsis. If the calcium wave is indeed essential, it would be also informative to study which pharyngeal muscles during a pump contribute to triggering the calcium wave in the posterior isthmus, assuming that isthmus peristalsis requires pharyngeal pumping.

The study of motor control in the pharynx of *C. elegans* may also be useful to understand evolution of motor control in animals in different environments. A comparative study of the feeding motions in the pharynx between *C. elegans* and other nematodes reported that the pumping and peristaltic motions are conserved in other nematodes with differences in the spatial and coupling patterns.[@R6] Given that anatomy of the pharyngeal nervous system is generally conserved in the nematodes,[@R6] further characterization of the feeding motions and cellular dissection of the motor control in the nematodes may provide interesting insight into the different mechanisms of motor control that the nematodes have developed during evolution.
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